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ABSTRACT 


Various cultivator sweeps and their manner of movement in the 
soil were studied by measuring the soil reacting forces in three 
different field soils. A split plot factorial design with the soils 
in main plots and the other factors in subplots was used. A multi- 
component sensor was used for the acquisition of the data which was 
statistically analyzed. The results indicated that lift height and 
edge thickness of the sweeps affected the draft and vertical force. 
The effect of lift height was associated with the changes in the 
angle of shear surface, whereas, the response of edge thickness was 
attributed to the compaction effects. A low lift sweep with thin 
edge was considered beneficial with regard to energy and operation. 

The zone of influence or mass of soil tilled and disturbed, was 
found to be dependent on depth of cut, speed of travel and whether 
or not the sweep was overlapped. The increase in the force acceler- 
ating the soil with an increase in the tool velocity, partially 
accounted for the increase in the draft and the decrease in the 
vertical force with the increasing tool velocity. The magnitude 
of lateral reacting force of the overlapped sweeps was found to be 
a function of depth of cut and speed of travel. In general, the 
resultant of all the soil reacting forces passed near the tip of 
sweep indicating the area of maximum pressure. The resultant for a 
shallow depth did not intercept the sweep and no mechanism could 


be advanced to account for this. 
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CHAPTER 1 
INTRODUCTION 

Throughout history advances in tillage technology have contributed 
to increasing yields and improving the quality of agricultural foods. 
Plowing is a very ancient practice which is still considered 
fundamental for seedbed preparation. The most popular implement for 
cultivation is the mold board plow. Improvements in tillage implements 
have continued and today, in addition to mold board plows, one can 
purchase several types of cultivators each designed for specific field 
conditions and requirements. A cultivator equipped with sweeps is an 
example. 

The importance of optimizing tillage operations for improving 
tillage tool design is illustrated by the large volume of soil tilled 
each year. For example, in the United States more than 250 billion 
tons of soil are stirred or turned each year. To plow this volume of 
soil requires 500 million gallons of petroleum costing over $100 
million (15). If improved tool design and operation could decrease the 
draft by even a small fraction, the saving would be appreciable. 
Increasing fuel costs dictate that efforts be continued to improve 
tillage efficiency. 

The cultivator with sweeps is a widely used implement in the 
prairie provinces of Canada. Consequently, an investigation of the 
effects of certain variables, such as the shape of the tool and its 
orientation, on the soil reacting forces, is of great importance. An 
- investigation of soil-sweep forces will contribute to improvement in 


design and operation of the cultivator. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Tillage Objectives. 

More than a century ago Jethro Tull, an English farmer made the 
gross assumption that tillage improved soil productivity by breaking 
the individual soil particles into small fractions. Today, a more 
rigorous concept of tillage objectives is required. Kepner et al (15) 
list many, the most important being to: 

- form a desirable soil structure for a seedbed, 

- control weeds, 

- manage plant residues, 

- minimize soil erosion by altering surface conditions. 

The sweep causes little soil inversion which is an advantage 
when trash should be left on the surface, or mixed with the top few 
inches of soil, to reduce erosion. This tool cuts the roots of weeds 
and pulverizes the soil like a mold board plow. 

2.2 Soil-Tool Relationships. 

Gill and Vanden Berg (8) suggest a generalized force equation 
which aids in classifying the variables involved in a soil-tool 
relationship, that is, 

Pa==fUiS sis otie. ee es Secor. oY Sees eee ee 2.1 
where F = forces on tool to cause movement 

Ts = tool shape 

Tm = manner of tool movement 

Si = initial soil condition. 
The three factors, initial soil condition, tool shape and manner 


m5 pa 


| i ie 


| | ean | | 
edd. gba vemtat tettond a8 sstut ‘ondtat 908 


onfoimerd yd \ hytong rae bavongat gett 
Ch | Ky 
avom § abot Leno rigent ri sme. od ae Moe, 


(at) fe to veneer lesbain ot eavts se tde > post Ns = | 


-badbese & 10? ong punta Thoe atta ah fale 

‘ play 

(ee ubte ot eata openen | 

yamotd thnes ee pntyer 


rye ty 
at i 


avbs 45. 2t ootdw ies fog aise? ses 
wot god ad? Atiw tex tm v0 S36 tue. ont n . tet ad abi 
abesw to 2foo1 ait 2dvo ‘gos ardT Mot an” 18 soubor: of afta Ye oa 
| | .wolg brood fos 4 alt f tree, odd oriole 8 

| a aon male hiz snolgateh tact tez . S 
 mottewpe 9ox0t + best iéione 1 f dies (a) pred nebasy bas tha. a) 


iqot-fhoe 6 nt bev fount eatdninay oad pahytrezsta it ab 


r,s “= & » Bee wrk ve ae Ape + (tea att 
ze 
2meVvont aevea of [ood no wane 
ei : 7 
As eqad2 J es 2 a ~ 
“Inemeve food 9, pa . 4 F 
aa ' 


Pay 


rl 
vA 
‘a 
- ie, 
“8 ~~ - {3 
v 


Tes 7; Wat — oe i 


voanem bas sqsie food ott Me " 


7 


of its movement, define the soil manipulation. Of the three factors, 
the designer is largely concerned with the tool shape. The user, 
however, may vary the depth or speed of operation and will use the tool 
in a variety of initial soil conditions. 


2.3 Factors Affecting Soil Reacting Forces. 
2.3.1 Soil Conditions 


(a) Bulk density and moisture content. 

Generally dry bulk density is considered to be an indication 
of the soil strength and therefore the draft. The soil strength also 
depends on the moisture content of the soil. Barnard and Cooper (3) 
report a direct relationship between the draft and bulk density of a 
soil and the same relationship has been confirmed by others (27,29). 
Whereas, the effect of moisture content on the soil strength, unlike that 
of bulk density on soil strength, is not a simple relationship. For 
example, Vomocil and Chancellor (28) report that, for a soil with 
moisture contents greater than permanent wilting percentage, the 
strength, as indicated by the angle of internal friction, increases to -a 
maximum and then decreases as the soil dries. Similarly an investigation 
by Fox et al (7) indicates that the energy required to break a given clod 
size was a complicated function of moisture content. The energy required 
was minimum at 17% and 24% moisture contents. It appears that the 
principal role of water in soil strength changes with the moisture 
content. 

The effects of moisture content and bulk density on the strength of 
a soil, however, are interdependent. For example, Panwar and Siemens 
(18) report that, at a density of 87.1 lbs/ft? the shear strength 
was 26.5 psi at 16.5% moisture content decreasing to 10.5 psi at 


28.1% moisture content, whereas, at the density of 74.5 lbs/ft? 
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the shear strength changed only slightly at various moisture contents. 
(b) Soil texture and other factors. 

Texture is one of the important soil factors affecting the 
soil reacting forces of tillage tools. Gordon (9) indicates that the 
energy requirement for tillage is less for pulling plow disks ina 
sandy loam soil as compared to that in a clay soil and a similar 
observation has been reported by Rowe and Barnes (21). The reason 
given by these authors is that a sandy loam soil is low in shear 
strength as compared to that of a clay soil. Telischi et al (27) 
describe that the draft of a tillage tool is a power function of the 
clay content of a soil. Telischi et al, conclude that the clay 
content of a soil is the main textural element causing resistance to 
the motion of a tillage tool. They advocate, however, that the effect 
of clay content on the draft depends on the amount of moisture in the 
soil, that is, there is an interaction between the clay and moisture 
contents with respect to the draft. 

In addition to the clay and moisture contents, other factors affect 
the soil reacting forces in a field soil. For example, Baver et al (2) 
cite a study by Keen and Haines that, an annual application of 14 tons 
of manure per acre caused a reduction in draft. They also obtained a 
reduction of 6 to 13 percent in draft with a heavy application of chalk. 
Further, Baver et al (2) advocate that roots of live vegetation increase 
the draft during plowing because of the force required to cut the roots. 
Telishci et al (27) conclude that, in addition to clay content, the 
chemical composition of colloids, apparent specific gravity, organic 


matter and live vegetation are pertinent soil factors in tillage studies. 


Pi BOO AD : 


2 


, : vt a , > Pr ial i ae oe 
sefbate & one Phos yo 6 #8 2089 ot Bier 


ngewe att (1S) 290908 ons ewok ed be ' 
anon a et a 


of? %o notdon? wag 6 eb fogd-sget Tr penises 
vats add tad abut ones . fs to, tdozbiet : penance 
oY sonetetasy entewsa Snemela isewsxet oben oda at [toe & Yo dnegm09 
Joes of? gett .Vevewor setscovbe yadT  , hood sostThs 6 to noftom sity 
att at onuteiom to wawonie, ort3° qo zonaqad Mevb st no snatnan ysfD!2O 
swe hom be, esto ott naawied aotsgsretat. os 2k qisdd at lt «toe 
| . sftoub ert ct 22eqeen ditty ataganos 

S207 soles vaitto jabnaanes awietom bia yals oid ‘of notstbbs af 
(S) Is 39 voved .ofqmexe 0A. .ffoe bhol? 5 ut eowt pnitosey Mtoaedd 
zat MT Yo ottestlyqs Leunna, 18.,ted arial bas) nse vs ybude 8 atts 
fo beatstdo xfs vot? .dtevbunt wohtouber « bazusa e138 19q SMM to 
Tada Yo notdsstiqgs weed « datw ated at tnoove €1 ot a pennies 
ezacr2n! nutiszegey evil Yo atocy.tart siszovbe, (8) 16 te ove TOBA 
-24007 sf3J Jud of beviupay eoto? oft to s2uszed patwotq en wb 
aid ,nedno2 yelo. of no#t tbbe At , Sed @butonos (XS) 
dhasero. ,ut vere otttoage thoveqae pene ea 
sasthuse egeiits ab avatost | 


223.e Tool Shape. 


Tool shape is characterized by the macro, micro and edge 
shapes. The configuration of macro shape (gross surface) includes 
many variables such as the approach angle (1), attachment angle (1), 
suction (1), and lift height. Lift height is the vertical 
displacement of the rear edge of the tool relative to the leading 
edge. Sirohi and Reaves (23) suggest that the energy requirement for 
a tillage tool varies directly with the lift height. Krause (16) 
calculated that 12% of the total energy is required to lift the soil, 
however, he did not indicate his method. Gill and Vanden Berg (8) 
report studies by Soehne and Kawamura who have shown direct | 
relationships between draft and lift height of simple tools. 

Kawamura (8) suggests that the increase of lift decreases the angle 
of the failure plane with the horizontal. The decreased angle results 
in a larger failure surface and hence a greater force to cause failure. 
Soehne and Kawamura (8) suggest further work to analyze the effect of 
lift height on soil forces. 

The roughness or microshape of a surface over which soil slides 
influences frictional forces and hence the scouring. The microshape 
depends on the degree of polish, the number and depth of scratches and 
other irregularities. Gill and Vanden Berg (8) indicate that the 
frictional resistance at the soil-tool interface may be such a small 
portion of the total draft, that even with large changes in microshape 
or friction, only small changes in total draft will occur. Microshape 
may affect scouring which in turn alters the macroshape of the tool; 
that is, consideration of microshape of a tool is limited to whether 


the tool scours or not. 
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The thickness of the leading edge of a tool affects the total 
draft for the reasons not obvious. Gill and Vanden Berg (8) quote 
Soehne who believes that the leading edge of tool cuts the soil and 
the cutting resistance of soil is small, becoming important only when 
stones or roots are present. In the absence of such situations, the 
cutting component of the total force might be considered negligible. 

On the other hand, Gupta and Pandya (10) developed equations directly 
relating draft and thickness of a tool. The direct relationship 
without any mention of the cutting phenomenon, suggests that there is 
some reason other than cutting, responsible for the relationship. 

The leading edge compacts soil upwards, ahead and downwards contributing 
to the draft and vertical reaction. The compaction ahead and downwards 
will increase with the thickness of the leading edge, increasing the 
draft and decreasing the vertical reaction downwards. 

Lee: Manner of Tool Movement. 

The manner of tool movement refers to variables such.as depth 
of cut, speed of travel and extent of overlap. Reed (20) reports that 
_ increasing the depth of tillage from 6 to 8 inches increased the draft 
by 14 to 16 percent. A direct depth-draft relationship has been 
reported by Harrison and Reed (11) and Shankar (22). Reason being that 
the area of shear surface increases with the depth of cut and hence the 
draft. 

The effect of speed on draft has been of great interest to 
researchers. Reed (20) cites a study by Ashby and Glaves, who reported 
an increase of 8.6 percent in draft with an increase of speed from 


2.5 to 3.25 mph. Telischi et al (27) advocate that as speed increases 
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the draft also increases, depending on the moisture content of the 
soil. Though there are some investigations (5,13) in which draft 

was independent of speed, the speeds were too low to have any 
practical significance. In general, the draft of a tool increases 
with the increase in speed but there is some disagreement as to the 
cause. Rowe and Barnes (21) concluded that the increase in the draft 
with an increase in speed was primarily due to increased shear 
strength of soil, whereas, Krause (16) advocates that acceleration of 
soil is responsible for the increase in power with speed. Hendrick 
and Gill (14) advocate that soil acceleration can account for only a 
fraction of the increased draft, and that the increase is mainly due 
to changes in soil strength with speed. Hendrick and Gill (14) conclude 
that soil strength is rate dependent unless clay and moisture contents 
are low. 

Some researchers have studied the effect of speed on the vertical 
reaction. Gordon (9) and Wismer and Luth (29) report that a tool tends 
to penetrate more readily with an increase in speed, indicating that 
vertical reaction increases (downwards) as the speed increases. The 
authors do not account for the relationship indicating a need for 
further investigation. 

When two tools are operated in the proximity to one another, 
interference may occur, that is, the operation of at least one of the 
tools is influenced by the presence of the other. The effect of tool 
interference or overlap was studied by Chisholm et al (4). The 
results indicate that the draft of an overlapped tool is decreased. 


The authors discuss that the decrease in draft appears to be due, at 
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least partly, to formation of a trench behind the overlapping tool. 
This trench facilitates the flow of soil around the overlapped tool 
and therefore the draft is decreased. It seems more likely that the 
decrease in the draft of the overlapped tool is associated with the 
simple fact that the overlapped tool encounters a portion of tilled 
soil having a lower soil strength. 

2.4 Summary. 

The literature review indicates two points clearly. Firstly, 
researchers were mainly interested in the draft measurements and they 
ignored that the vertical and lateral forces have their individual 
effects on the operation of tillage tools and implements. Secondly, 
the soil-sweep system has not been studied in detail and would benefit 
by the measurement of the three soil forces for common variations in 


the shape of the tools. 
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CHAPTER 3 
EXPERIMENTAL DESIGN AND PROCEDURE 
3.1 Factors and Their Levels. 

Equation (2.1) was considered in the selection of pertinent 
variables, namely, initial soil condition, tool shape and manner 
of tool movement, for their effects on the soil reacting forces of 
a sweep. 

(a) Soil conditions. 

Three sites were selected to ascertain the effect of soil 
conditions with respect to the soil reacting forces of a sweep. 
Additional sites were not included because of the time limitation and 
the doubtful gain of information. Soil samples were collected from 
the sites and analyzed using the hydrometer method. The textures of 
the three sites/soils were silty clay loam, clay loam and clay. 
During the experiment bulk densities and moisture contents were 
determined to futher define the condition of the soils. The moisture 
contents were calculated according to American Society of Agricultural 
Engineers Standards S-358. The bulk densities were measured using 
gamma ray transmission equipment as detailed by Soane et al (24). The 
depths for the measurements of bulk densities and moisture contents 
coincided with the depths of tillage in the experiment. 

(b) Tool Shape. 

The shape of a sweep shovel is characterized by many variables 
such as approach angle, suction, width, lift height and edge shape. 
Some of these variables were included in the study as noted below. 

Gill and Vanden Berg (8) indicate that the thickness of the 


leading edge of a tool affects both the draft and vertical reaction. 
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To investigate the nature and magnitude of the effect on soil 
reacting forces of a sweep, edge thickness was included at two 
levels of 1/4" and 5/16". These thicknesses were selected because 
of their common use in the Western Canada and Alberta. Additional 
levels of the edge thickness could not be included because they 
were not available commercially with the other factors. 

As noted previously in section 2.3.2, Soehne and Kawamura have 
reported a direct relationship between draft and lift height of a 
Simple tool, however, the available literature does not indicate 
the effect of lift height on either the vertical or the lateral 
reaction of a tillage tool. Therefore, lift height was included at 
two levels to investigate its effects on all the three soil reacting 
forces of a sweep. The lift heights selected were 1 1/64" and 
1 1/4". The reason for the selection of only two lift heights was 
their availability with the two thicknesses selected earlier. 

Two sets of 16 inch wide sweeps, each set with the above selected 
edge thicknesses and the lift heights, were purchased and identified 
as makes, as each make was sold by a different company. The purpose 
to include the make at two levels was to compare the soil reacting 
forces of the sweeps coinciding in geometries, but sold by different 


companies. Some dimensions of the sweeps are given in Appendix 1. 


(c) Manner of tool movement. 

The effect of depth of tillage on soil reacting forces is well 
known, however, the depth was included at two levels because there 
may be significant interactions. The usual tillage depth for a 
cultivator in Western Canada is three to four inches and therefore 


three and four inch depths were included in the study. The effect 
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of speed on the draft of a tool has been studied, while the effect on 
the vertical and lateral reactions to the tool is not clear. For 
investigating the effect of speed on all the three soil reacting 
forces of a sweep, the speed was included at two levels. As the normal 
travel rates are between three and six mph, these two speeds were 
included. Only one previous investigation (4) included the effect of 
overlap on soil reacting forces, therefore, overlap was included at 
two levels, that is, without overlap and with overlap. An overlap of 
two inches was used because of the common practice of using 16 inch 
sweeps on 12 inch centres. 

3.2 Experimental Design. 

A split plot factorial design was considered appropriate because 
of virtual impossibility of randomizing soils/sites. Soils were in 
the main plots with the other six factors (Table 1) randomized in the 
subplots. Considering the limitation of time and a suggestion by 
McKibben et al (17), three replicates were considered appropriate. The 
order of experiment and the form of the analysis may be noted in the 
Appendices 2 and 3. 

3.3 Facilities and Equipment. 

The experiment was conducted using the workshop and field 
facilities of the Department of Agricultural Engineering, University 
of Alberta. The equipment used can be seen in Plate 1. The multi- 
component sensor (Plate 2) has been described in detail by 
Harrison (12). The sensor was mounted on a tractor (MF-135). The 
equipment in the van (Plate 3) is the data acquisition equipment. 


3.4 General Arrangements. 


A sweep, having the same size as those of the sweeps used for 
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TABLE 1: FACTORS AND LEVELS SELECTED FOR THE STUDY. 


| Factor/Level 


Soil 1 

Soil 2 

Soil 3 

Make 1 

Make 2 

Low lift 

High lift 

Thin 

Thick 

Depth of cut 
Depth of cut 
Velocity of travel 
Velocity of travel 
Without overlap 


With overlap 


Description 


Silty clay loam 
clay loam 


clay 


1 1/64" 
1 1/4" 
ae 
5/16" 
3" 

4" 

3 mph 

6 mph 


2" overlap 
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PLATE J: (GENERALWSETUPT OR THE) EQUIPMENT. 
A: VAN WITH DATA ACQUISITION EQUIPMENT. 
B: TRACTOR WITH MULTI-COMPONENT SENSOR. 


PLATE 2: MULTI-COMPONENT SENSOR. 

: ACTIVE FRAME OF THE SENSOR. 
PASSIVE FRAME OF THE SENSOR. 
: OVERLAPPED SWEEP. 

: QVERLAPPING SWEEP. 
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DATA ACQUISITION SYSTEM. 


ULTRA-VIOLET RECORDER. 
ANALOG COMPUTER. 
PAPER TAPE PUNCH. 


GENERATOR AS A SOURCE OF POWER. 


GAUGE WHEEL. 


A 


SMALL D-C GENERATOR FOR 


SPEED MEASUREMENTS. 


. 


trials, was installed on the passive frame of the multi-component 
sensor (Plate 2). The sweep was so located as to provide the 
overlap of 2 inches. For the measurements of without overlap, the 
sweep was rajsed above the surface of soil. 

A small d-c generator (Plate 4) was driven by one of the gauge 
wheels of the sensor to measure the speed of travel. | 

The transducers of the sensor were calibrated using 100 
pound weight. By repeating the calibration an error of + 2% was 
indicated. 
3.5 Field Procedures. 

If soil was tillable on the site for trials, soil samples were 
collected for the determination of moisture contents at the depths 
of 3 and 4 inches. The number of samples was four for each of the 
depths and the samples were collected from different locations within 
the subplot. The bulk densities were determined using the gamma ray 
transmission equipment referred to earlier. The depths, locations and 
the number of observations for the bulk densities were the same as 
those of moisture contents. The appropriate sweep was mounted on the 
sensor and the soil reacting forces and moments were recorded on a 
paper tape with the help of the data acquisition equipment. All the 
treatments of a subplot were to be completed in a single day, otherwise 
the whole procedure might have to be repeated because of rain the next 
day. In case of error, trials were to be repeated at the same site 
before moving the equipment to the next site. 
3.6 Data Acquisition and Processing. 

The data consisted of the soil reacting forces (L,S and V) and 
the soil reacting moments, namely, pitching, rolling and yawing. The 


forces have been defined by Kepner et al (15) and the moments by 
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Taylor (26). The centre of the active frame of the multi-component 
sensor, was chosen as origin for calculations of the moments. Data 
processing was accomplished as suggested by Harrison (12). The data 
on soil reacting forces was statistically analyzed, while the forces 
and moments were used to calculate the location of the wrench or 


Screw axis as described by Harrison and Thivavarnvongs (13). 
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CHAPTER 4 
RESULTS AND DISCUSSION 


The values of the soil reacting forces (L, S and V) obtained 
from the experimental work are given in Appendices 5, 6 and 7. 
Analyses of variance (Appendix 3) were carried out in accordance 
with the model noted in section 3.2, using an MTS program (ANOVAR + 
SSPLIB) from the University of Alberta Computing Services Library. 
Table 2 (abbreviated from Appendix 3) includes main effects and the 
first order interactions which are at least significant for one of 
the soil reacting forces. The means of the soil reacting forces for 
each factor (main effects) are given in Tables 3 and 5. The moisture 
content and bulk density of the soil at the time of determining the 


soil reacting forces are given in Table 4. 


4.1 General 

The pressure applied by a tillage tool normally causes soil to 
fail in shear along a plane in longitudinal direction as indicated 
by Soehne (25). The inclination of the plane with the direction of 
travel (8, Figure 1) is known as angle of the failure surface (25). 
A decrease in this angle results in a larger failure surface and 
hence a larger force to cause failure. 

The term "zone of influence" as used here means "the mass of 
soil tilled and disturbed" by the tool. The disturbed soil includes 
the particles which are displaced from their positions near the 


sides of the tool. Among the factors affecting the zone of influence 
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Figure 1. 
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A section of soil moving on an inclined tool (Soehne, (25)). 
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are the depth of cut, width of cut and the extent of overlap. As 
the penetration of a tool may increase with that of speed. (Gordon 
Sil 9), Wismer and Luth (29)), the depth of cut and therefore the 
zone of influence may also increase. 

It was observed that the width of soil being tilled extended 
beyond the edge of the sweep when not overlapped with the extension 
increasing with an increase in velocity and depth; that is, the 
overlap, velocity and depth alter the zone of influence. It is worth 
noting that, an increase in the zone of influence will increase the 
mass of soil disturbed as well as the area of shear surface. 

A moving tillage tool accelerates the soil mass in a plane 
parallel to the failure surface (25), and the accelerating force 
increases with that of speed of the tool. 


According to Soehne (25) 
2 


Bea ayD ony Sin 6 
g Sin (B + 6) 
Where’ 8B = accelerating force 
y = wet bulk density of soil 
g = acceleration due to gravity 


t = working depth 
v = forward speed 
6 = lift angle of the tool 
B = inclination of the failure surface. 
b = working width 

Using the following from the present study 
y = 81 1b/ft? 
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v = 4.4 ft/sec 
é = 18.2° 
g = 34° (This value was calculated from (6,18)) 
the components of accelerating force added to the draft and downward 


vertical force are only 6.5 and 4.4 pounds respectively. 


4.2 Draft (L) 


The main effect of soil* did not test significant for the soil 
reacting forces (Table 2), whereas similar variations in the clay 
contents of the soils (Table 4) caused significant differences in the 
soil reacting forces in the investigations by Gordon (9) and Taylor 
(26). One reason for the lack of response, in spite of large differ- 
ences in the means (Table 3), can be attributed to the position of 
the factor in the eeraneneal design; that is, the soils are in the 
main plots and as a consequence are tested with less precision than 
the factors in the sub-plots. 

The effect of lift height is such that, the draft increases 
with increasing lift (Table 3). As noted in section 2.3.2, the 
increase in lift height results in a larger failure surface and 
hence a larger force to cause failure. 

The draft increased with the thickness of the leading edge as 
well (Table 3). As indicated in section 2.3.2, the leading edge 


displaces some soil ahead and downwards, to achieve a passageway. 


A TS 


* Soil represents the effects of texture, moisture content and 
bulk density. 
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TABLE 3: MEANS OF THE SOIL REACTING FORCES. 


Factors Levels Draft (L) Vertical reaction (V) 
(1b) 1b 

Silty clay loam 176.2 -32.2 
Soil Clay loam 23159 - 34.1 

Clay 199.6 -23./7 

Make ] 208.1 -30.0 
Make 

Make 2 196.9 -30.0. 

Low lift 1 64. 197.4 - 33.3 
Lact 1 

High lift re 207.6 -26.7 

Thin 4" 197.3 36 
Thickness 5 

Thick==" 20757. -28.4 

16 

Depth 3" 160.5 -10.3 
Depth 

Depth 4" 244.5 -49.6 

Velocity 3 mph 177.4 -22.3 
Velocity 

Velocity 6 mph 227.6 -37.6 

Without overlap 23350 -36./7 
Overlap 


With overlap 17 Le2 -23.2 
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TABLE 4: SOIL CONDITIONS. 


(a) Soil Texture. 


Soil % Clay *% Sand esa ke Soil 

Soil | 28 26 46 *Silty clay loam to 
clay loam 

SOllec 30 3] 39 Clay loam 

Soily3 55 Ww 28 Clay 


(b) Moisture Contents. 


Rep- Moisture contents Moisture contents 
Soil ibe on dry basis (%) at on wet basis {%) at 
Ca te 3" 1] au qu 
Silty clay loam 1 3873 40.4 27.6 28.4 
2 SY hpce 3o20 20a 21.8 
3 3320 33.9 2550 20.3 
Clay loam 1 22.4 23.4 1386 19.0 
2 2955 3052 22.8 236] 
3 29.6 29.6 2220 22.6 
Clay 1 29.4 32.1 (a | 24.2 
2 S0h 31.4 23.0 23.8 
3 22.¢ 20.1 18.0 16.6 
| Cont'd. 


* Will be referred to as silty clay loam. 
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TABLE 4: Continued 
(c) Bulk Densities (1b/#t?) 


SS SS 


Wet bulk Dry bulk 
Soil Replicate density at density at 
3 4" mgr 4" 
1 aes 1253 Sap 51.4 
Silty clay loam 2 64.2 TMGrd 45.4 S1N6 
3 78.6 83.6 58.9 62.4 
Means Led 75.8 B22 Dome 
1 98.5 94.2 80.5 7653 
Clay loam ug 32 84.8 81.1 65.5 62.3 
5: 68.0 65.5 5215 50.5 
Means 83.6 80.3 66.2 63.0 
1 79.8 84.8 61.6 64.2 
Clay 2 80.4 92.9 61.6 7057 
3 79.8. 106.0 boa 88.2 
Means 80.0 94.6 62.8 74.4 
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The amount of displacement increases with an increase in the thick- 
ness of the leading edge thereby increasing both the draft and the 
vertical reaction. The reason for the draft for one make of sweeps 
to be greater than the other cannot be clearly stated. The width 
of cut, lift and edge thickness of the sweep with greater draft, are 
larger but there are also small differences in the length and 
approach angle which may also affect the draft. 

The draft increased with that of depth and the increase is 
associated with the increase in the area of shear surface with the 
depth of cut. 

The draft increased by 50 pounds for an increase of 3 mph in 
speed (Table 3). As noted in section 4.1, the horizontal component 
of the accelerating force is only 6.5 pounds for a change in speed 
of 3 mph; that is, the accelerating force accounts for only about 15% of 
the increase in the draft and, therefore, the increase is mainly 
due to changes in the strength properties of the soil as advocated 
by Hendrick and Gill (14), Payne (19) and, Rowe and Barnes (21). 
However, a part of the increase in draft with that of speed may be 
associated with the increase in the zone of influence; that is, the 
increase in speed increases penetration as well as the width of soil 
tilled. 

Overlap decreases the draft because the sweep encounters a 
tilled portion of the soil which has less strength. 

The zone of influence, noted previously, is affected by the 
overlap, depth of cut and velocity of the tool. Therefore, the 


differential response of overlap and velocity (Figure 2) may be 
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Figure 2. The velocity-overlap interaction for 


32d | 
C18 


Varun) 


DRAFT (LB) 


170 


122 fe overlap 
DEPTH (in) 


Figure 3. The depth-overlap interaction for draft. 
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28 
attributed to the change in the zone of influence with and without 
overlap and the two levels of velocity. In a similar way the 
differential responses of depth-overlap and depth-velocity (Figures 
3, 4) are also associated with differential changes in the zone 
of influence. 

Figure 5 indicates that there is little or no increase in draft 
with an increase in lift height for the sweeps that are overlapped, 
but there is a substantial increase for the sweeps that are not 
overlapped. The reason for this response is not clear. 

The effect of lift height on the draft is restricted to the 
higher speed (Figure'6). Though Gill and Vanden Berg (8) indicate 
that the angle of the failure surface with the horizontal is sensi- 
tive at the higher tool velocity. They did not indicate whether 
the angle increases or decreases. Perhaps, the angle decreases at a 
higher tool velocity increasing the draft, and that the angle is 
further decreased with an increase in the lift. 

The differential responses of make-velocity and make-thickness 
(Figures 7, 8), are small and like the main effect due to make noted 
previously, the reason for the respones are not clear. On the other 
hand, the change in draft for clay soil is greater for a change in 
depth than the other two soils (Figure 9) because the difference in 
the bulk density of the clay soil over the two depths (Table 4), are 


greater than for the other two soils. 


4.3 Vertical Reaction (V) 


The vertical reacting force was downward (negative) for all the 
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Figure 4. The velocity-depth interaction for draft. 
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Figure 5. The lift-overlap interaction for draft. 


-) 5 1 
a rans 
i . : 
; a ee 
¥ 
» a 
(nt) AS qab q . ‘A 
Vv * | 
aay Bort; rot fad | 
+408 maT ht heii, 
Je aootan ‘ee’ wee 
2 3 
me, | 
I tae 
I 
Lo. 
| \ 
u 7% 
; 
G6Tisve tusdesn, | + 
? wf We w 4 \ : i y 
v% : 
Sh 7 y 
™ r —- — 


Gairevy dy iw j ; 
Apii | 


. 
i 1 ot ’ 


How 10? melons wr seems sir ae 


a a Poa 
ia \ fee 
ees 


ee 
uF ra 


DRAFT (LB) 


Figure 6. 


) 


— 


TOULE 


DRAF 


Figure 7. 


52g 
Ze) 
Vaan) 
172 


122 low lift 
VELOCITY (mph) 


The velocity-1lfit interaction for draft. 
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The velocity-make interaction for draft. 
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levels of all the factors in the study because the force was 
affected primarily by the amount of soil in contact with the surface 
of the sweep. Increasing the depth of cut increased the weight of 
soil decreasing the vertical reaction substantially (Table 3). 

The vertical reaction increased as the lift increased (Table 3). 
As noted previously with draft, the angle of shear surface decreases 
with a corresponding increase in the lift height and this may reduce 
the weight of soil on the surface of the sweep and therefore 
increasing the vertical reaction. 

To a lesser extent the vertical reaction increased with an 
increase of thickness (Table 3). As discussed under draft, the 
change is attributed to the displacement and compaction of the soil, 
under the leading edge of the sweep, which is greater for the 
thicker sweep, which in turn, partially offsets the weight of the 
soil in contact with the top surface of the sweep. 

As noted in section 4.1, the increase in the accelerating force, 
from 3 to 6 mph is 4.4 pounds, which is added to the weight of soil 
in contact with the top surface of sweep thereby decreasing the 
vertical reacting force. This accounts for about 30 percent of the 
decrease (Table 3), the remaining part of the decrease may be attri- 
buted to the effect of the shank because its lift angle differs from 
the sweep and soil piles up ahead of it. 

With regard to the effect of overlap, the vertical reaction 
increases when the sweep is overlapped (Table 3). It may be that 
the overlapping sweep was slightly below the overlapped sweep 


reducing the amount of compaction and therefore increasing the 
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vertical reaction. 

The differential response of overlap and depth of cut (Figure 
10) is attributed to the zone of influence which extends beyond the 
width of sweep increasing with depth but to a lesser extent for a 
sweep which is overlapped. It is not clear why there is a differen- 
tial response of velocity and depth of cut (Figure 11). The inter- 
action is small and therefore is of little interest. 

Figure 12 indicates that, for the lower lift there is little 
or no response in the vertical reaction arer the two thicknesses 
but for the higher lift this is not the case. The reason for 
this differential response is not clear but it indicates that the 
effect of thickness is eliminated if a lower lift sweep is used. 

Figures 13 and 14 indicate that the vertical reaction is ' 
independent of the thickness and lift for make 2, but the vertical 
reaction increases for the increases in the thickness and lift of 


make 1. Again it is not clear why these differential responses 


occurred. Similarly the reason for the differential response of 


soil and depth of cut (Figure 15) is not apparent. 


4.4 Lateral Reaction (S$ 

For trihedral wedge type tillage tools the soil usually fails 
first in the direction of travel (primary failure pianes) then 
perpendicular to the direction of travel (secondary failure planes). 
The lateral reacting force is the result of stressing the soil 
perpendicular to the direction of travel. 


A sweep is a symmetrical tool and therefore a lateral reacting 
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Figure 10. The depth-overlap interaction for vertical reaction. 
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Figure 11. The velocity-depth interaction for vertical reaction. 
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Figure 12. 
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Figure 14. The lift-make interaction for vertical reaction. 
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Figure 15. The depth-soil interaction for vertical reaction. 
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37 
force to the right is equal and opposite to a lateral reacting force 
to the left. However, an overlapped sweep encounters a block of 
soil asymmetrical in strength and as a consequence there is a net 
lateral reacting force acting to the left or right depending on the 
location of the weakened soil. Like the draft the net lateral 
reacting force or simply the lateral reacting force increases with 
depth. 

Some of the effects tested significant for the lateral reacting 
force (Table 2). The effects might be significant only because of 
overlap. In order to test the effects, a separate analysis of 
variance was conducted for the overlapped sweeps. The analysis 
indicated that depth and speed tested significant (Table 5). No 
doubt the reasons for the changes in the lateral force are the same 
as those advanced for the changes in the draft for these two factors 
namely increased shear area with depth and an increase in the soil 


strength with speed and the increase in the zone of influence. 


4.5 Screw Axes 

The data obtained to calculate the moments of pitching, yawing 
and rolling are given in Appendices 8, 9 and 10. Using vector 
mechanics the three moment vectors are combined with the three force 
vectors to determine the location of the wrench or screw axis, a 
method to represent the system of forces on tillage tool (8). As 


noted previously, the procedure used for the location of screw axis 
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TABLE 5: 


* 


Factor 


Soil 


Make 


batt 


Thickness 


Depth* 


Velocity* 


Levels 


Silty Clay Loam 
Clay Loam 
Clay 


Make 1 
Make 2. 


Low Lift 1 1/64" 
Hignseitt, 11/4" 
Thin 1/4" 

mhiCKkee.5/ 16" 
Depth 3" 


Depth 4" 


Velocity 3 mph 
Velocity 6 mph 


tested significant (Appendix 4). 


MEANS OF LATERAL REACTIONS WITH OVERLAP. 
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is the same as detailed by Harrison and Thivavarvongs (13). Screw 
axes were drawn for all the main effects and the first order inter- 
actions but only those are presented having differences with some 
practical significance. 

Except for Figure 19, the locations and directions of the screw 
axes in the yawing planes are similar for each level of different 
factors. The similarity is associated with the negligible lateral 
reaction due to the symmetrical nature of the sweep. In Figure 19, 
the direction and location of screw for the overlapped sweep is 
affected because there is a lateral reaction. 

In the pitching plane, there is a little difference in the 
locations of the screw for each level of the factors of lift, thick- 
ness, velocity and overlap (Figures 16, 17, 18 and 19). The 
directions of the screw are associated with the directions and magni- 
tudes of the draft and vertical reacting force (Table 3). The screw 
axis passes near the tip of the sweep in the pitching plane indicat- 
ing that the highest pressure occurs near the tip as can be nee by 
the rapid wear in this area. In Figure 20, the screw axis does not 
intercept the sweep in the pitching plane. As there is no apparent 
mechanism for this to occur, it may be assumed to be a small error 


rather than of an actual effect. 
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———————~o> Low lift 


ep High lift 


Figure 16. Locations of screw axes for the two levels of lift 


without overlap. 
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Figure 17. Locations of screw axes for the two levels of thickness 


without overlap. 
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Figure 18. Locations of screw axes for the two levels of velocity 


without overlap. 


——e> Without overlap 


———____—_—e> With overlap 


Figure 19. Locations of screw axes for the two levels of overlap. 
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————o> Depth 3 in. 


—————e Depth 4 in. 


Figure 20. Locations of screw axes for the two levels of depth 


without overlap. 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 


The results of the experiment are primarily associated with 
the zone of influence and angle of shear or failure surface with 
the horizontal. As regards the zone of influence, it is affected 
by the depth of cut, whether or not the sweep is overlapped, speed 
of travel and their interactions with one another, whereas, the 
angle of shear surface decreases with an increase in lift height and 
that the decrease is further enhanced at the higher tool velocity. 
Both the draft and the vertical reacting force increase as the 
thickness of the leading edge increases. This has been attributed 
to the compaction by the leading edge. Similarly it is noted that 
the force accelerating the soil mass because of increased tool 
velocity, partially, accounts for the changes both in the draft and 
vertical reacting force with the change in velocity. The lateral 
reacting force is affected only by the speed and depth, and that the 
effect is restricted to the overlapped sweeps. On the other hand 
there were a few responses, such as make, soil and some interactions 
that could not be accounted for. In particular the reason for the 
screw axis not intercepting the sweep in the pitching plane is 
unknown. 

With regard to the design and operation of the sweeps, the 
results indicate that the high lift sweep requires 5% more draft 
than that of the low lift. Because there appears to be no benefit 


as to the final soil condition and because the high lift sweep does 
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not penetrate well, its use is questionable. The thick edge sweep , 
like that of the high lift, requires 5% more draft as compared to 
the thin edge sweep and the thick edge sweep also results ina 
poorer penetration. Unless the thick edge sweep is required to 
minimize stone damage, its use in stone free land is also question- 
able. The depth of tillage is a cultural practice but again the 
advantages of deep tillage should be weighed against the increase 
in draft which can exceed 50% for increased depth of 3 to 4 inches. 

The draft increased more than 25% for an increase in speed 
from 3 to 6 mph. The operation of a tillage implement at a higher 
speed is advantageous in the way that it reduces tire size and the 
ballast of the tractor but this must be compared to the energy 
requirements at the higher speed. The decrease in the vertical 
reaction with that of speed indicates that penetration can be 
improved by increasing the speed. 

The magnitude and direction of the lateral reacting force 
becomes important for the design of asymmetrical cultivators in 
which skewing is often a problem. The mean value of the lateral 
reacting force for an overlapped sweep was more than 25 pounds which 
should be further adjusted according to the speed of travel and 
depth of cut. 

The screw axes pass near the tip of the sweep indicating area 
of maximum pressure and therefore confirming the present practice 
of keeping the tip harder. 

As regards further experimental work, some of the results 


discussed in the prior sections do not have well established 
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47 
mechanisms which will account for the responses obtained. For example, 
the effect of make on draft and the effect of lift height or speed on 
vertical reacting force. Another example is screw axis not intercepting 
the sweep. A laboratory study in which the angle of failure surface and 
zone of influence can be observed might help in developing the mechanisms 


Causing the responses obtained. 
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APPENDIX 1: DIMENSIONS OF SWEEPS USED. 
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APPENDIX 2: EXPERIMENTAL ORDER 
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APPENDIX 4: ANALYSIS OF VARIANCE OF THE LATERAL REACTION WITH 
OVERLAP. 


Source of variation F 
Replicate (R) 1346.8 <1 
Soil (S) 1822.5 <1 
Error (1) 3274 
Make (M) 1 1.8 <1 
Lift (L) il 47.8 <1 
Thickness (T) a 64.8 <1 
Depth (D) i 11613.0 52. 18+++ 
Velocity (V) if 2209 st 10. 2+++ 
VD 1 852.66 3.83 
VT 1 op Ey <1 
ope 1 Zio <1 
VL 1 94.1 <1 
DL 1 41.2 Bi eae 
TL it 8.4 <i 
VM a 164.7 <1 

‘| DM le See, <1 
™ i 623 <1 
LM aL 368 sel L465 
Vs 2 78.4 <1 
DS 2 Slee 223 
TS 2 NS, <1 
LS 2 T5266 <1 
MS 2 iG <1 
VDT ik 0.07 <1 
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APPENDIX 4: Continued 


VDL it 2528 <1 
VTL 1 Om3 <1 
DTL 1 S307 <1 
VDM ki 56.0 <1 
VIM i, 220 <1 
DIM li 14.0 <1 
VLM 1 9920 <1 
DLM a 126 <1 
TLM Mi 9366 <1 
VDS 2 a6 <1 
vTs Z 96.0 <1 
DTS 2 Wye! <1 
VLS Z 34.6 <l 
DLS 7 41.0 <] 
TLS Z 3360 <1 
VMS 2 Zoled 1.06 
DMS 2: 9282 <1 
TMS 2 ap eas) <1 
LMS 2 aoc tele) <1 

| VDTL 1 83.2 <1 
VDIM 1 5 <1 
VDLM 1 LMS S200 
VTLM 1 120.0 <1 
DTLM Al 86.9 <1 
VDTS 2 S250 <1 
VDLS 2 271.0 1.21 
VTLS Zz 134.8 <1 
DTLS 2 16520 <1 
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APPENDIX 4: Contined 


[source of vatkation 
VDMS 


TOTAL 


error) | 


ae ee 


NWI Ns NEES e SI) Nal NaN eee 


<1 

<1 
<1 
<1 
<1 
<1 


<1 


<1 
<1 
<1 
<1 


AAT 


+ Significant at 0.05 probability level. 
++ Significant at 0.01 probability level. 


+++ Significant at 0.005 probability level (highly significant). 
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SYMBOLS USED IN APPENDICES 5 THROUGH 10. 


Factor/ Level Description Symbol 
soilal or iy clay loam Sl 
Soil 2 Clay loam S2 
Soil 3 Clay S3 
Make 1 ae M1 
Make 2 =< M2 
Low lift 1 1/64" Ll 
High lift jae AY L2 
Thin 1/4" BL 
Thick D/.L0" T2 
Depth of cut 31 D1 
Depth of cut qt D2 
Velocity of travel 3 mph V1 
Velocity of travel 6 mph V2 
Without overlap --- O01 


With overlap 2"" overlap 02 
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